Cutaneous melanoma is a common melanocytic neoplasm that can quickly metastasize to regional lymph nodes. Currently, prognosis is determined by measuring tumor thickness but more reliable markers for metastatic spread are urgently needed. We investigated whether the extent of tumor lymphangiogenesis can predict melanoma metastasis to sentinel lymph nodes. We quantified the extent of tumor lymphangiogenesis, as well as other factors, in excised primary tumors and in sentinel lymph node biopsy samples from 45 patients with primary cutaneous melanoma. The results were correlated with histological and clinical outcome. Primary melanomas from patients whose tumors had metastasized to the sentinel lymph nodes contained prominent 'hot spots' of increased lymphatic vessel density, compared to nonmetastatic tumors. Multivariate risk analysis revealed that the lymphatic vascular area of primary melanomas, an index of tumor lymphangiogenesis, was the most sensitive prognostic marker for sentinel lymph node metastasis, and was even able to more accurately predict which tumors were metastatic to sentinel lymph nodes than the currently used method of measuring tumor thickness. Highly lymphangiogenic melanomas maintained their lymphangiogenic activity after metastasis to the sentinel lymph node. The extent of tumor lymphangiogenesis is a highly sensitive (83%) and specific (89%) prognostic marker of lymph node metastasis. Assessment of lymphangiogenesis in primary melanomas may be a more effective approach than the currently used technique of measuring tumor thickness in selecting patients with early metastatic disease for aggressive therapy.
In 2003, it was estimated that 7700 patients in the US would die from cutaneous melanoma, 1 a melanocytic tumor with increasing worldwide incidence and mortality rates. 2 Melanoma is among the most common types of cancer in young adults, and death from melanoma occurs at a younger age than for any other common malignancy, 3 representing a substantial public health problem. The prognosis of patients with melanoma depends on the tumor stage at diagnosis, and is currently based on microstaging and clinical/radiologic evaluation for metastases. In addition to a complete surgical excision with wide margins, patients with primary melanomas 41.0 mm thick undergo intraoperative lymphatic mapping and sentinel lymph node (SLN) biopsy to identify the first deposition of microscopic metastatic cells. 4 Among several prognostic parameters, tumor thickness is currently the most sensitive parameter for predicting the metastatic risk of cutaneous melanoma. However, the prognosis for individual melanoma patients is still difficult to determine, since thin melanomas can also develop into lethal metastases. 5 More accurate prognostic indicators for melanoma metastasis are therefore urgently needed.
Recently, studies in mouse tumor models have shown that some types of malignant tumors actively induce the formation of lymphatic vessels (lymphangiogenesis), which promotes tumor spread to regional lymph nodes. 6, 7 These findings strongly suggest that tumors can actively induce lymphan-giogenesis via production of lymphangiogenic factors such as vascular endothelial growth factor-C (VEGF-C) and VEGF-D, and that the extent of tumor lymphangiogenesis can be reliably determined by immunostains for the lymphatic endothelial hyaluronan receptor-1 (LYVE-1), a specific marker for lymphatic endothelium. 8 These findings also indicate that the degree of tumor-associated lymphangiogenesis might serve as a novel predictor for lymph node metastasis. However, the relevance of these animal studies to human cancers has remained unclear. Our recent retrospective analysis of clinically and histologically matched cohorts of patients with cutaneous melanoma provided the first indication that intra-and peritumoral lymphangiogenesis was increased in melanomas that later metastasized to lymph nodes, as compared with nonmetastatic melanomas. 9 Analysis of tumor lymphangiogenesis might therefore be a useful prognostic marker.
We performed a prospective investigation to determine whether the level of tumor lymphangiogenesis might predict the risk of melanoma metastasis to SLN-the earliest form of microscopic metastatic disease-using tissue samples obtained from 45 consecutive patients with cutaneous melanoma who were treated by surgical excision along with SLN biopsy.
Materials and methods

Patient Population and Histological Analyses
Between 2000 and 2003, 110 patients with cutaneous melanoma were identified at the Department of Dermatology at the University of Kiel, Germany and subjected to SLN biopsy, following the excision of primary tumors that exceeded 1 mm in thickness, using lymphatic scintigraphy as described. 4 A total of 45 consecutive patients underwent SLN biopsies, 27 were found to have SLNs that were free of melanoma metastases (mean age of 53.8 years; range 19-76 years; termed 'SLN-negative'), whereas the tumors were found to have metastasized to the SLN in the remaining 18 patients (mean age of 54 years; range 29-78 years; termed 'SLN-positive'). These two groups were otherwise similar, in terms of tumor histologic type, presence and degree of ulceration, anatomic site, signs of regression and peritumoral inflammation (Table 1) .
SLN-positive patients subsequently received adjuvant systemic therapy with recombinant interferon alpha-2a (Roferon s , Hoffmann La Roche, Switzerland) or interferon alpha-2b (Intron s A, Essex, Switzerland) for up to 60 months. Compared to six out of 18 SLN-positive, only two out of 27 SLN-negative, patients developed metastases to distant lymph nodes or organs within 2 years. The diagnosis of melanoma, the tumor thickness, the level of tumor invasion, and SLN pathologic status were reconfirmed by two pathologists (SSD and MCM). Additional parameters such as the frequency of mitoses, tumor regression and ulceration were also evaluated. Peritumoral inflammation was evaluated as absent, present (non-brisk), or brisk. 10 
Immunostains
To analyze tumor angiogenesis and lymphangiogenesis, we performed double immunofluorescence stains of the 45 primary melanomas for the vascular marker CD31 and for the lymphatic-specific marker LYVE-1. Paraffin sections of 4 mm thickness were double stained using a rabbit polyclonal antibody (Table 2 ). For additional lymphatic-specific stains, the antibody D2-40 (Signet, Dedham, MA) was used. We have recently shown that this antibody reliably and specifically recognizes human podoplanin, a mucin-type glycoprotein that is specifically expressed by lymphatic endothelium, but not by blood vascular endothelium. 12, 13 Cell nuclei were counterstained with Hoechst bisbenzimide (Sigma) at 20 mg/ml. Additional immunohistochemical analysis was performed using affinity-purified rabbit polyclonal antibodies against human vascular endothelial growth factor-C (VEGF-C) and VEGF-D (kindly provided by Dr M Achen).
14 For specificity controls, the primary antibodies were omitted. The immunostained sections were scored semi-quantitatively for VEGF-C and VEGF-D expression by tumor cells, in comparison to tumor infiltrating macrophages (internal positive control, 3 þ ) by researchers who were blinded to the SLN status. The results were scored as follows: 1 þ for faintly positive, 2 þ for moderately positive, 3 þ for strongly positive.
Computer-Assisted Morphometric Analysis
Paraffin sections were immunostained for CD31 and LYVE-1 as described above, and were examined using a Nikon E-600 microscope. Digital images were captured using a SPOT digital camera. For each section, three fields in the peritumoral area with the highest lymphatic vascular density ('hot spots') were evaluated at Â 100 magnification. Digital images of tumor-associated lymphatic vessels and blood vessels were captured in the same field. Peritumoral lymphatic vessels were defined as LYVE-1-positive vessels within an area of 100 mm from the tumor border. Intratumoral lymphatic vessels were defined as LYVE-1-positive vessels located within the tumor mass and not confined by invagination of normal tissue. Tumor borders were determined on serial sections, using Hoechst nuclear stains and hematoxylin and eosin stains. Morphometric analyses of lymphatic vessels and of blood vessels were performed in the peritumoral area using the IP-Lab software (Scanalytics, Fairfax, VA, USA) to determine the vessel number per mm 2 , that is, lymphatic vessel density (LVD), and the blood vessel density (BVD). The average vessel size (in mm 2 ) and the relative tissue area occupied by vessels, that is, the lymphatic vessel area (LVA; expressed as %) and the blood vessel area (BVA), were quantified as previously described.
9,11 Tumorassociated lymphatics and blood vessels were analyzed within and surrounding the primary melanomas and also in metastatic SLNs using double immunofluorescence with antibodies against CD31 and LYVE-1.
Statistical Analyses
The unpaired Student's t-test was used to determine the statistical significance (P value) of the mean for all vascular parameters. In a univariate analysis, we tested the association between different risk factors for melanoma metastasis to SLN, using the Fisher's exact test for dichotomous variables, the w 2 -test for categorical variables and the Wilcoxon Rank-Sum test for continuous or ordinal variables. A multivariate logistic regression model was applied to the risk factors that were found to be significant in the univariate analysis, and then a stepwise selection method was used to select the significant predictors for SLN metastasis. Sensitivity was calculated based on the number of true positives (patients who were SLN-positive and had an LVA41.5%), divided by the number of true positives plus the number of false negatives (patients who were SLN-positive but had an LVAo1.5%). Specificity was calculated based on the number of true negatives (patients who were SLN-negative and had an LVAo1.5%) divided by the number of true negatives plus the number of false positives (patients who were SLN-negative but had an LVA41.5%).
Results
Increased Tumor Lymphangiogenesis in Primary Melanomas of SLN-Positive Patients
We analyzed 45 consecutive patients with nonmetastatic (n ¼ 27) or with metastatic (n ¼ 18) primary cutaneous melanoma to the SLN. SLN-positive patients had significantly thicker tumors (3.017 0.52 mm) than SLN-negative patients (1.707 0.31 mm, P ¼ 0.0285) ( Table 1 ). Histologic analysis revealed that additional prognostic parameters such as tumor ulceration, mitotic activity, regression and number of tumor infiltrating lymphocytes did not differ between groups (Table 1) . Similarly, there was no significant difference in clinical parameters such as sex, age or anatomic site between SLN-positive and SLN-negative patients. Next, melanoma-associated lymphatic and blood vessels were simultaneously visualized in all primary melanomas, using double immunofluorescence analysis with antibodies against the lymphatic vessel marker LYVE-1 and the panvascular marker CD31. Melanomas from SLN-positive patients exhibited prominent 'hot spots' of increased lymphatic vessel density, within tumors and surrounding the tumor borders ( Figure  1b and d) , whereas only a few lymphatic vessels surrounding the tumor border were detected in SLNnegative patients (Figure 1a and c) . In contrast, blood vessels were homogeneously distributed throughout the tumors in both groups. Intratumoral lymphatics were found more frequently in primary melanomas taken from SLNpositive patients (83.370.09%) than in those taken from SLN-negative patients (59.370.09%, P ¼ 0.0960). Pigmented tumor cells within LYVE-1 þ lymphatic vessels-that is, from tumors that have undergone lymphatic vascular invasion-were found in two out of 18 (11%) patients with SLN-positive melanomas, but not in any patients with SLN-negative melanomas. There was a positive correlation between LVD and lymphatic vascular invasion among SLN-positive patients (LVD 26.676.3 lymphatic vessels/mm 2 with lymphatic vascular invasion, 15.171.6 vessels/mm 2 without lymphatic vascular invasion; P ¼ 0.0348). Immunohistochemical analysis with the lymphatic-specific antibody D2-40 13 showed a strikingly similar staining pattern as experiments performed with the antibody against LYVE-1. Both of these antibodies labeled tumorassociated lymphatic vessels, but not of blood vessels (Figure 1f) .
Computer-assisted morphometric analysis revealed a 2.4-fold increase in the peritumoral LVD 
Extent of Lymphangiogenesis can be Used to Predict Melanoma Metastasis to SLN
To investigate whether tumor lymphangiogenesis might serve as a new prognostic indicator for SLN metastasis, we next performed a comprehensive statistical data evaluation that included univariate and multivariate analyses. A univariate analysis of the risk factors for melanoma metastasis identified peritumoral LVA as the most significant prognostic parameter, followed by peritumoral LVD, level of tumor invasion, tumor thickness, BVD and finally BVA (Table 3 ; Figure 2a and c). The expression level of VEGF-C, but not VEGF-D, was also a significant predictor of metastasis to the SLN (Table 3) . Other clinical and histological parameters, such as age, sex, anatomic site, histologic type, regression, ulceration, lymphatic vascular invasion, presence of intratumoral lymphatics, microsatellites and tumor infiltrating lymphocytes were not found by the univariate analysis to predict the ability of melanoma to metastasize to the SLN (Table 3) . Linear regression and Pearson correlation coefficient analyses showed a positive correlation between BVA and tumor thickness (borderline statistical significance; P ¼ 0.0539) but not between LVA and tumor thickness (P ¼ 0.1515). This indicates that the extent of lymphangiogenesis, unlike angiogenesis, is independent of tumor thickness.
A multivariate logistic regression analysis with applied selection criteria revealed that the level of peritumoral LVA was the most significant, independent predictor of melanoma metastasis to SLN (P ¼ 0.00037, odds ratio ¼ 5.527, 95% confidence limits 1.740-17.552)-it was even more accurate than the currently used prognostic factor, tumor thickness. We next used a stepwise multivariate logistic regression analysis to determine whether some combination of variables would provide a better estimate of the relative risk of metastasis than any single variable. LVA by itself, however, provided the best estimate, whereas LVA and VEGF-C expression levels combined were only of borderline statistical significance (P ¼ 0.0562, odds ratio ¼ 4.369, 95% confidence limits 1.478-12.912).
We next classified all patients into three groups, based on peritumoral LVA: low (r1.0%), medium (1.0% r1.5%) or high (41.5%). The great majority of patients (89%) with low to medium LVA were free of SLN metastases, whereas 89% of those with high LVA were SLN-positive. Based on this threshold (LVA of 1.5%), the sensitivity and specificity of peritumoral LVA in predicting metastasis to the SLN were calculated to be 83 and 89%, respectively. Importantly, six out of 18 SLN-positive patients developed distant lymph node and/or organ metastases, and 83% of these patients had an LVA41.5%. So the extent of peritumoral lymphangiogenesis appears to be a highly significant, novel predictor of melanoma spread to SLN. This is the earliest form of melanoma metastasis, and can currently only be detected by microscopic analysis of lymph node biopsy samples.
Increased VEGF-C Expression in SLN-Positive Melanomas
As VEGF-C and VEGF-D have been shown to regulate tumor lymphangiogenesis in experimental models, we analyzed the expression levels of these proteins in all primary melanomas by immunohistochemistry. We detected moderate to high levels of cytoplasmic VEGF-C in the majority of SLN-positive melanomas but in a minority of the SLN-negative melanomas (Figure 3a-d) . In total, 88.2% of SLNpositive melanomas expressed VEGF-C protein, compared to only 44.0% of SLN-negative tumors (P ¼ 0.00818; Table 3 ). Although the majority of melanoma cells examined contained VEGF-D in Figure 2 Computer-assisted morphometric analysis of tumor-associated blood and lymphatic vessels in cutaneous melanoma patients with SLN dissection. Panels a-c show the dramatic increase of peritumoral lymphatic vascular density and relative area occupied by lymphatics in SLN-positive melanomas ( þ ; black bars, n ¼ 17), compared with SLN-negative melanomas (À; white bars, n ¼ 28). No change of the size of individual lymphatic vessels was detected. Panels d-f show a slight increase of BVD and relative area occupied by blood vessels detected in SLN-positive melanomas, compared to those patients with negative SLN. No change of the size of individual blood vessels was detected. Data are shown as mean7s.e.m. Figure 1 Increased intra-and peritumoral lymphatic density in cutaneous melanomas that have undergone metastasis to SLN. Panels a-e show sections of melanomas that were analyzed by immunofluorescence analysis using antibodies against LYVE-1 (green), which is a lymphatic marker, and CD31 (red) which is panvascular marker. Panels a and c show that in two representative SLN-negative melanomas, only a few lymphatic vessels surrounding (arrows) and inside (arrowhead) the tumor (Tu) border (dotted line). Panels b and d show, in comparison, that SLN-positive melanomas contain prominent 'hot spots', or areas of increased LVD, within (arrowheads) and surrounding (arrows) the tumor border (dotted line). In contrast, blood vessels (red) are homogeneously distributed throughout the tumor. Panel e also shows the increased peritumoral LVD (arrows) at the border of a tumor removed from an SLN-positive patient. A blood vessel, which is LYVE-1 À but CD31 þ , is indicated by the arrowhead. Panel f shows the results of immunohistochemical analysis of a serial tumor section with the lymphatic-specific antibody D2-40. This antibody has a strikingly similar staining pattern to that of the anti-LYVE-1 antibody (e), labeling tumor-associated lymphatic vessels (arrows) but not blood vessels (arrowhead). Original magnifications: Â 100.
focal to diffuse cytoplasmic patterns (Figure 3e, f) , there was no correlation between VEGF-D levels and metastasis to SLN (P ¼ 1.00; Table 3 ). Overall, these results indicate that VEGF-C, but not VEGF-D, mediates tumor-associated lymphangiogenesis during melanoma metastasis.
Metastasized Melanoma Cells Maintain Lymphangiogenic Activity in SLNs
To investigate whether the melanoma cells maintain their lymphangiogenic activity once they spread to the SLNs, all tumor-negative (n ¼ 27) and -positive SLN (n ¼ 18) sections were immunostained for LYVE-1/CD31. Immunofluorescence analysis of normal lymph nodes revealed that the medullary sinuses and hilar efferent lymphatics were LYVE-1-positive, whereas the high endothelial venules were LYVE-1-negative (Figure 4a, b) . Importantly, 40% of the metastasized melanomas demonstrated prominent 'hot spots' of lymphatic vessel formation in the SLN (Figure 4d-f) . The primary tumors in these patients had a significantly higher LVD (21.86 vessels/mm 2 ) than those that were not associated with lymphangiogenic metastases (13.76 vessels/ mm 2 , P ¼ 0.01202, Figure 4c ). These results reveal a positive correlation between tumor lymphangiogenesis in primary melanomas and the lymphangiogenic activity of SLN metastases.
Discussion
When patients are diagnosed with primary cutaneous melanoma, determining their risk of developing metastases poses a challenge to clinicians and pathologists alike. The early identification of metastatic disease is important, as it determines the requirement for adjuvant therapy and further management. 15 Prognosis is currently based on tumor thickness, 16 but a considerable number of patients with thin melanomas also go on to develop metastatic disease.
5 SLN biopsy is also commonly used to detect metastases in patients with primary melanoma. 4 It can be a challenge, however, to detect SLN metastases, as they are often microscopic, requiring examination of multiple SLN sections. Dissection of SLN can also result in mild to moderate degrees of lymphedema 17 or sensory morbidity. 18 Alternative early-stage prognostic factors are therefore urgently needed.
The discovery of the lymphatic endothelial hyaluronan receptor-1 (LYVE-1) as a specific marker for both normal 8 and tumor-associated lymphatics, 19 has facilitated analysis of the association between tumor lymphangiogenesis and clinical outcome. Our study of 45 patients with cutaneous melanoma reveals that quantification of primary tumor lymphangiogenesis can be used to accurately predict which patients are most likely to develop SLN metastases. Evaluation of tumor lymphangiogenesis can also be used to predict the risk of tumor metastasis beyond the SLN-six out of 18 SLN-positive patients developed distant lymph node and/or organ metastases, and five of these patients (83%) had an LVA41.5%. Furthermore, in patients whose primary melanoma lymphangiogenesis index (LVA) was above 2%, the incidence of melanoma metastasis to SLN was 100%. Another important finding of this study was that an increase in LVD in primary melanomas was correlated with lymphangiogenesis in SLN metastases. Thus, metastatic primary tumor cells maintain their lymphangiogenic activity after they have spread to the lymph nodes. Taken together, these results indicate that lymphangiogenesis induction is an active part of human tumor metastasis, 20, 21 as opposed to the traditional view of a passive role for the lymphatic endothelium during tumor lymphatic invasion and metastasis. 22 The fact that we detected significantly higher levels of VEGF-C expression in SLN-positive melanoma cells than SLN-negative tumor cells, and that VEGF-C expression was also correlated with the extent of peritumoral lymphangiogenesis, indicates that this growth factor promotes melanoma lymphangiogenesis and metastasis. In fact, tumor cell expression of VEGF-C alone was shown by univariate analysis to predict metastasis to the SLNs. A correlation between VEGF-C mRNA levels and melanoma metastasis to lymph nodes was previously reported. 23, 24 However, the importance of tumor cell-derived VEGF-C vs VEGF-C produced by tumor-associated macrophages 25, 26 has remained unclear. Our study shows that tumor cells themselves make a significant contribution to VEGF-C production and, therefore, to tumor lymphangiogenesis. We also detected a slight but statistically significant increase in levels of tumor angiogenesis in SLN-positive melanomas. Our finding that the extent of tumor angiogenesis, unlike lymphangiogenesis, was dependent on tumor thickness further supports the concept that angiogenesis, as demonstrated by other investigators, 27 is required for tumor growth. However, our results indicate that angiogenesis seems to play a lesser role in promoting melanoma metastasis than does the formation of tumor-associated lymphatic vessels. This is the first study to show that measuring the extent of tumor-associated lymphangiogenesis can serve as a powerful tool for identifying primary melanomas that are likely to undergo metastasisthe presence of metastases can be determined at the earliest stages of tumor progression, when microscopic tumors have developed in the SLN. If these results will be corroborated in additional studies of larger numbers of patients, this new method might provide a safe and accurate future alternative to SLN biopsy analysis. Our results also demonstrate that it is possible to perform immunofluorescence analysis of CD31 and LYVE-1 levels on routine paraffin sections, thereby facilitating larger, prospective, multi-institutional studies. Evaluating the extent of melanoma lymphangiogenesis would provide oncologists and dermatologists with a safer and more effective means of determining which patients with melanoma require adjuvant therapy and further management, possibly including anti-lymphangiogenic therapy.
